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Abstract Beneﬁcial bacteria interact with plants by
colonizingtherhizosphereandrootsfollowedbyfurther
spreadthroughtheinnertissues,resultinginendophytic
colonization. The major factors contributing to these
interactions are not always well understood for most
bacterial and plant species. It is believed that speciﬁc
bacterial functions are required for plant colonization,
butalsofromtheplantsidespeciﬁcfeaturesareneeded,
such as plant genotype (cultivar) and developmental
stage. Via multivariate analysis we present a quantiﬁ-
cation of the roles of these components on the compo-
sition of root-associated and endophytic bacterial
communities in potato plants, by weighing the effects
of bacterial inoculation, plant genotype and develop-
mental stage. Spontaneous rifampicin resistant mutants
of two bacterial endophytes, Paenibacillus sp. strain
E119 and Methylobacterium mesophilicum strain
SR1.6/6, were introduced into potato plants of three
different cultivars (Eersteling, Robijn and Karnico).
Densities of both strains in, or attached to potato plants
weremeasured byselective plating, while the effects of
bacterialinoculation,plantgenotypeanddevelopmental
stage on the composition of bacterial, Alphaproteobac-
terial and Paenibacillus species were determined by
PCR-denaturing gradient gel-electrophoresis (DGGE).
Multivariate analyses revealed that the composition of
bacterial communities was mainly driven by cultivar
type and plant developmental stage, while Alphaprote-
obacterial and Paenibacillus communities were mainly
inﬂuenced by bacterial inoculation. These results are
important for better understanding the effects of bacte-
rial inoculations to plants and their possible effects on
the indigenous bacterial communities in relation with
other plant factors such as genotype and growth stage.
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Introduction
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host plant. A wide diversity of bacteria can interact
with plants, resulting in a wide spectrum of bacterial
communities that differ per plant species and that
contribute differently to plant development and health
(Hallmann et al. 1997). Interactions between bacteria
and plants mainly occur at two locations, near or at the
surface of roots (rhizosphere communities) and inside
plants and/or plant roots (endophytic communities).
The rhizosphere is deﬁned as the region in the soil that
is mostly inﬂuenced by roots exudates, mucilage from
root caps and sloughed-off cells however, the deﬁni-
tion of the rhizosphere may be broader as it would also
include the roots themselves (Hartmann et al. 2008).
Although the physical limits of this environment are
notalways clear, itmustbeconsideredasahotspot for
bacterial interaction with plants as often demonstrated
by the occurrence of higher bacterial densities (De
Boer et al. 2006). The endophytes are deﬁned as a
group of bacteria that can be isolated from surface-
disinfected plants that do not visibly harm plants
(Hallmannetal.1997),neitherthesebacteriaevokethe
development of internal or external structures in plant
roots,likeinthecasesofrhizobiaandmycorrizalfungi
interactionswithplants(Azevedoetal.2000;Hardoim
et al. 2008). There is no single plant species on earth
that is devoid of endophytes, and involved bacterial
groups have different kinds of interactions with plants
(Rosenblueth and Martinez-Romero 2006). Some of
theseinteractionscanbenutrientacquisitionforplants,
induction of systemic resistance and suppressive
activities against organisms that cause diseases and
pests in plants. In fact, endophytic bacteria are good
candidatesforbacterialinoculationsofplantsinwhich
they act as plant-growth promoting agents. However,
for that purpose only limited information is available
on the effects of bacterial inoculation on indigenous
microbial communities associated with plants, espe-
cially in relation with other plant-related and environ-
mental parameters.
Different biotic and abiotic factors inﬂuence plant
development and the composition of bacterial com-
munities associated with them (Kozdroj and van
Elsas 2000; Marschner and Baumann 2003). The
composition of bacterial communities associated with
plants differ per plant species (Salles et al. 2004),
cultivar type (Dunﬁeld and Germida 2004; Kuklin-
sky-Sobral et al. 2004) and even subtle differences in
species compositions were found between transgenic
plants and their isogenic non-modiﬁed parent lines
(Andreote et al. 2008, 2009a, b; Rasche et al. 2006).
When bacteria are introduced into plants, they may
survive and proliferate in the plant host and may even
induce shifts in microbial communities of its natural
or newly inoculated host species (Andreote et al.
2009c, 2004; Khan et al. 2007). Effects of bacterial
inoculation on bacterial community composition in
plants are seldomly studied and most likely these
effects coincide with other effects like the ones
caused by environmental and plant-related changes
and these factors all together determine the ﬁnal
bacterial community composition in plants.
Multivariate analysis of PCR-DGGE ﬁngerprints
is an approach that is commonly used for calculation
of the impacts of environmental and plant-related
factors on microbial community composition in
ecosystems (Ramete 2007). This approach was
applied for the ﬁrst time in the analysis of factors
inﬂuencing bacterial communities in soils (Steenw-
erth et al. 2002) and later in the analyses of effects
caused by ﬁeld history and plant growth on the
structure of Burkholderia spp. in the rhizosphere
(Salles et al. 2004), and on the presence or absence of
roots on the Pseudomonas spp. community compo-
sition in soils (Costa et al. 2006). Recently, the effects
of pH, fertilization and soil storage on the structure of
bacterial communities in soil were calculated by
multivariate analysis (Tzeneva et al. 2009).
The aim of this study is to calculate the effects of
inoculation, plant genotype and growth stage on the
composition of plant-associated communities using
multivariate analysis. This information will be
important for further research on the development
of bacterial inoculation approaches based on endo-
phytic isolates.
Materials and methods
Bacterial strains and selection of rifampicin
resistant derivatives
The strains used in this study were previously isolated
from surface-sterilized plants and were identiﬁed on
the basis of near-full 16S rRNA gene sequences as
Paenibacillus sp. (strain E119) and Methylobacteri-
um mesophilicum (strain SR1.6/6). Strain E119 was
obtained from the bacterial collection at Plant
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123Research International (Wageningen, The Nether-
lands). This strain was originally isolated as an
endophyte from surface-sterilized potato plants.
Strain SR1.6/6 was obtained from the collection of
the Microbial Genetics group, at ESALQ/USP (Pi-
racicaba, Brazil). This strain was originally isolated
as an endophyte from surface-sterilized citrus plants
(Arau ´jo et al. 2002).
For enrichment of rifampicin resistant derivatives,
cells of both strains were cultured to a density of
about 10
9 CFU/ml in liquid TSB medium. Cell pellets
from 10 ml cultures were harvested by centrifugation
at 10,000g for 5 min and were suspended in 100 llo f
sterilized water and spread plated onto TSA (TSB
with 1.2% agar) amended with 50 lg/ml rifampicin.
After 3 days of incubation at 28C, colonies were
picked from these plates and streaked to purity. DNA
extracts made from wild type and rifampicin resistant
cells of both strains were PCR ampliﬁed using the
BOXA1R primer (Louws et al. 1999). Those mutants
showing an identical BOX ﬁngerprint pattern as their
respective parent (rifampicin sensitive) strain were
selected and these mutants were denoted as E119
rp
and SR1.6/6
rp. The stability of the rifampicin resis-
tance marker was evaluated by cultivation of mutants
without antibiotics followed by plating on TSA either
and not amended with 50 lg/ml rifampicin.
Potato plant growth and plant inoculation
Potato plants were used in this study due to its
importance as Dutch and Brazilian crop, the facilities
to work with these plants at the Plant Research
International (Wageningen, The Netherlands) and
due to the amount of knowledge on the microbial
communities associated to this crop (Rasche et al.
2006; van Overbeek and van Elsas 2008). Plant
inoculations were performed with the original strains
and with spontaneous rifampicin resistant derivatives
thereof. Three cultivars of potato plants were used:
Eersteling, Karnico and Robijn. These cultivars all
originated from The Netherlands, and main charac-
teristics of each cultivar are presented in Table 1.
Major differences between cultivars were genotype,
periods in ﬂowering and tuber development and
resistance to plant diseases.
For plant growth, in vitro transplants were grown
for 1.5 months in MS agar medium (Murashige and
Skoog 1962) at a 16 h photoperiod and a temperature
range of between 25 and 28C before experimenta-
tion. For introduction into plants, cells of strains
E119
rp and SR1.6/6
rp, grown in liquid TSB medium
amended with 50 lg/ml rifampicin, were harvested
by centrifugation at 10,000g for 5 min. Cell suspen-
sions made in sterilized water and reaching densities
of about 10
6 CFU/ml were used for all plant
treatments. Therefore, roots of in vitro transplants
were immersed in the bacterial cell suspension for 1 h
and then treated transplants were placed into 2 l pots
ﬁlled with potting soil. Control plants were similarly
treated but then roots were immersed in sterilized
water only. Pots with plants were transferred to the
greenhouse and were daily supplied with water to
compensate for water loss. The temperature was set
between 22 and 25C using a 12 h photoperiod.
During the ﬁrst 5 days, plants were covered with
plastic bags to avoid dehydration.
Bacterial isolation from inoculated potato plants
Plant colonization by strains E119
rp and SR1.6/6
rp
was determined one and two months after plant
inoculation, corresponding to the juvenile (growth
stage 1) and the ﬂowering growth stages (growth
stage 6), according to the potato development system
described by Hack et al. (1993). In each of the
Table 1 Characteristics of potato cultivars used in this study
Eersteling Robijn Karnico
Origin The Netherlands The Netherlands The Netherlands
Pedigree Mutant from Duke of York Rode Star 9 Preferent Astarte 9 SVP AM 66 42
Period for maturity Precocious Very late Late
Usage of plants Feeding Starch and feeding Starch and dry organic matter
Resistance to diseases Low Low High
Data were retrieved from www.davesgarden.com, www.europotato.org and http://www.dpw.wau.nl
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123samplings, four replicates per treatment were used.
For bacterial isolation, roots and stem parts were
separated from plants that were taken out of the pots.
For bacterial isolation from roots, the entire root
system free of potting soil, by rinsing in fresh tap
water, was used (encompassing rhizoplane and
endophytic bacteria), whereas for assessment of
endophytic colonization by both strains, stem parts
of about 1–2 cm above soil level (stem base) were
used. Stem base samples were surface-sterilized by
immersion in 70% ethanol for 1 min followed by
immersion in 2% sodium hypochlorite for 3 min and
ﬁnalized by two times rinsing in sterile water.
All root and surface-sterilized stem base samples
wereﬁrstweighedandthentransferredtosterileplastic
bags ﬁlled with 3 ml of sterile deionized water. Roots
and stems were homogenized by hammering and
resulting homogenates were used for plating and DNA
extractions. For plating, serial tenfold dilutions made
in sterile tap water were plated onto 5% TSB agar
mediumsupplementedwith0.1%glucose,eitherornot
amended with 50 lg/ml rifampicin. Plates were incu-
bated at 25C and daily monitored during 5 days for
colony development. Total heterotrophic CFU num-
bers were determined from agar medium without
rifampicin, whereas CFU numbers of the introduced
rifampicin strains were determined on the same plates
withrifampicin.Forthelast,theidentityofthecolonies
were checked by BOX-PCR ﬁngerprint comparisons
with respective wild type strains.
DNA extraction from roots and surface-sterilized
stem samples and PCR-DGGE analyses
Aliquots of 500 ll of root and surface-sterilized stem
homogenates were submitted to DNA extraction
using the DNeasy Plant Mini for DNA Isolation kit
(Qiagen, Germany) and DNA extractions were exe-
cuted according to the manufacturer instructions. The
DNA yield and quality were checked by agarose gel
electrophoresis, run at a voltage of 5 V/cm, in a 1.0%
agarose gel stained with ethidium bromide and DNA
was visualized under UV.
Bacterial PCR-DGGE analysis was performed
using the primers U968-GC and R1387 (Heuer et al.
1997). In order to avoid chloroplast competition
during PCR ampliﬁcation, a preceding ampliﬁca-
tion step was performed using primer 799F in combi-
nation with 1492R (Chelius and Triplett 2001).
Alphaproteobacterial PCR-DGGE was performed
using the system described by Gomes et al. (2001)
and Paenibacillus PCR-DGGE according to the sys-
temdescribedbyDaSilvaetal.(2003).AllPCRswere
performed with an initial amount of approximately
10 ng of extracted DNA.
DGGE was performed as described previously
(Muyzer et al. 1993) using the Ingeny phorU2 appa-
ratus (Ingeny International, Goes, The Netherlands).
PCR samples were loaded onto 6% (w/v) polyacryl-
amide gels in 0.5X TAE buffer. Polyacrylamide gels
were made with denaturing gradients ranging from 45
to65%,runfor16 hat100 Vat60C,afterwhichthey
weresoakedfor1 hinSYBRGreenInucleicacidstain
(1:10 000 dilution; Molecular Probes, Leiden, the
Netherlands) and visualized under UV. PCR-DGGE
ﬁngerprints were digitized for later analyses.
One contiguous DGGE band was selected for
identiﬁcation. This band was sliced out from the gel,
soaked in sterile water for 1 h to elute DNA from the
gel and submitted for further PCR ampliﬁcation using
primers R1387 and U968-GC (Heuer et al. 1997). The
resulting PCR amplicon was loaded onto fresh DGGE
gelstocheckforbandpurityandco-migrationwiththe
selected band in the community ﬁngerprint. Thus
selected amplicon was then puriﬁed and subjected for
sequencing using the facilities of Greenomics (Plant
Research International, Wageningen, NL). The gen-
erated sequence was deposited at GenBank under the
accession code GU176321.
PCR-DGGE ﬁngerprint analyses
Digitized PCR-DGGE ﬁngerprints were analyzed
using GelComparII software (Applied Maths, Bel-
gium). Individual bands in ﬁngerprints were normal-
ized on the basis of three marker lanes loaded on
different positions in the gel and band intensity
relative to the total intensity per lane were calculated
for each ﬁngerprint. Thus obtained output was used
for further cluster and multivariate analyses. Cluster-
ing analysis was performed using the UPGMA
algorithm and the Pearson correlation index was
calculated from the ﬁngerprints. The correlations
between individual bands in PCR-DGGE ﬁngerprints
and environmental variables (bacterial inoculation,
plant genotype and stage of development) were
determined by multivariate analysis using Canoco
for Windows 4.5 software (Biometris, Wageningen,
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described before (Andreote et al. 2009c; Ramete
2007; Ter Braak and S ˇmilauer 2002).
Brieﬂy, detrended correspondence analysis (DCA)
wasperformedﬁrsttocalculategradientdistributionof
the‘species’inthePCR-DGGEﬁngerprints.Atnormal
distribution of ‘species’ in the ﬁngerprints (gradient in
the ﬁrst axis[4.0), data were analyzed by canonical
correspondence analysis (CCA) and at linear distribu-
tions (gradient in the ﬁrst axis\4.0) data were
analyzed by Redundancy Analysis (RDA). For statis-
tical analyses of correlations between ‘species’ and
‘environmental’factorsaMonteCarlopermutationtest
was included, based on 499 unrestricted permutations.
In addition to P-values, values of Lambda 1 were
obtained as a quantiﬁcation of the amount of variance
explained by each environmental factor.
Results and discussion
Beneﬁcial bacterial populations occur in plants as
natural components of the indigenous plant-associ-
ated bacterial community, but they can also be
introduced into plants causing direct or indirect
effects on plant metabolism. Bacterial inoculation
of plants may lead to shifts in the composition of
plant-associated bacterial communities (Andreote
et al. 2006; Viebahn et al. 2005) and this on its turn
may also lead to differences in plant metabolism.
Community shifts upon inoculation with the endo-
phytic M. mesophilicum SR1.6/6 strain has been
demonstrated before in periwinkle plants (C. roseus)
(Andreote et al. 2006). On the other hand, differences
in plant metabolism can also affect the composition
of associated bacterial communities which are
expected to occur in different cultivars of the same
plant species and during plant growth. Here we found
clear effects of inoculation, plant genotype and plant
growth stage on the structure of naturally occurring
plant-associated bacterial communities.
Potato plant colonization by strains E119
rp
and SR1.6/6
rp
No signiﬁcant differences in the total number of
heterotrophic bacteria were found between plants of
the different cultivars at the roots or inside surface-
sterilized stems (endosphere). Only at one occasion a
signiﬁcant difference was found in the number of
endophytic bacteria which was lower in plants of
cultivarEerstelingthaninthoseoftheothercultivarsat
the second sampling (Tables 2 and 3). Rifampicin-
resistant derivatives of strain E119 and SR1.6/6 were
only recovered from inoculated plants and CFU
numbers were always higher in the roots than in the
surface-sterilized stems. Also, the introduced popula-
tions appeared to be stable during plant growth,
although numbers had decreased at the second sam-
plingwhenplantswereintheﬂoweringstage(Tables 2
and 3). In general, densities of strain SR1.6/6
rp cells
inside, or attached to plants were higher than those of
strain E119
rp (Tables 2 and 3). Rifampicin resistance
markerstabilitytestswithderivativesofbothstrainsdid
not reveal any loss of this phenotype during growth in
liquid medium and therefore it seems unlikely that
observed lower inoculant strain numbers in ﬂowering
plants resulted from marker instability. However,
marker instability has been found before in other
plant-bacterium combinations (Chen et al. 1995;M c I n -
roy et al. 1996) and it can not be totally excluded that
under conditionsspeciﬁcally prevailinginpotatoplants
marker loss in one or both strains might have occurred.
Endophyticcolonization ofKarnicoplantsby strain
SR1.6/6
rp was log 0.86 CFU per g plant, whereas in
Eersteling and Robijn plants values were higher,
respectively log 2.34 and log 1.82 CFU per g plant.
Possibly, defense mechanisms towards SR1.6/6
rp cells
in Karnico plants is somewhat higher than in plants of
the other two cultivars which may reﬂect the higher
resistance level against invading plant pathogens in
Karnico plants. Another option is that lower SR1.6/6
rp
cell numbers is caused by a stronger competition with
the indigenous plant-associated microbial community
which differs between cultivars (see later). Strain
E119
rp CFU numbers in the endosphere of potato
plants of all three cultivars at ﬂowering were between
0.22and0.66 CFUpergplantandthesenumberswere
not in line with the CFU numbers found for strain
SR1.6/6
rp. It is clear that selective processes present in
potato plants are different for the two introduced
bacterial strains.
PCR-DGGE detection of strains E119
rp
and SR1.6/6
rp in potato plants
In bacterial-, alphaproteobacterial- and Paenibacillus
PCR-DGGE ﬁngerprints from strain E119
rp- and
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rp-inoculated and control plants, no bands
were found that co-migrated with bands made from
pure culture DNA extracts of both strains. This
indicates that strain E119
rp- and SR1.6/6
rp-cell num-
bers in roots and endospheres are below the limits of
detection for all applied PCR-DGGE systems. This in
contrary to Pseudomonas putida strain P9 which was
always present as a root-colonizing and endophytic
bacterium in plants of the same cultivars at the young
and ﬂowering growth stages (Andreote et al. 2009d).
It was estimated that bacterial populations contribut-
ing to fractions of 1% or higher of the total bacterial
community are detectable by PCR-DGGE (Oros-
Sichler et al. 2007). Considering this estimation, it is
clear that the two introduced populations represent
only minor fractions (below 1%) of the total root-
associated and endophytic communities present in
potato plants. However, the observed low density
levels of the two introduced populations do not
exclude any possible effects on the composition of
the indigenous microbial community associated with
potato plants, and possibly also not on plant
metabolism.
PCR-DGGE ﬁngerprints of SR1.6/6
rp- and E119
rp-
treated and control plants made with all three systems
were visually distinguishable from each other and this
observation was later conﬁrmed by multivariate
analysis on the same ﬁngerprints. In Paenibacillus-
Table 2 Total heterotrophic bacterial and target strains (CFU numbers) in roots samples
Cultivars Inoculation Total community Population of target bacteria
1 month after
inoculation
2 months after
inoculation
1 month after
inoculation
2 months after
inoculation
Eersteling Control 7.83 ± 0.10 7.12 ± 0.19 0.00 0.00
E119 7.93 ± 0.24 6.77 ± 0.15 1.59 ± 1.09 2.97 ± 0.22
SR1.6/6 7.71 ± 0.44 7.11 ± 0.35 4.06 ± 0.17 3.76 ± 0.56
Robijn Control 7.51 ± 0.31 7.06 ± 0.28 0.00 0.00
E119 7.90 ± 0.19 6.79 ± 0.16 2.48 ± 0.75 2.59 ± 0.58
SR1.6/6 7.96 ± 0.21 7.08 ± 0.29 3.88 ± 0.13 4.13 ± 0.46
Karnico Control 8.19 ± 0.40 7.27 ± 0.49 0.00 0.00
E119 7.90 ± 0.25 6.89 ± 0.39 3.45 ± 0.34 2.04 ± 1.40
SR1.6/6 7.94 ± 0.21 7.12 ± 0.52 4.40 ± 0.18 4.01 ± 0.20
Average values from four plants are calculated from Log-transformed CFU numbers and expressed per g plant and standard deviation
are indicated
Table 3 Total heterotrophic bacterial and target strains (CFU numbers) in endophytic samples
Cultivars Inoculation Total community Population of target bacteria
1 month after
inoculation
2 months after
inoculation
1 month after
inoculation
2 months after
inoculation
Eersteling Control 6.03 ± 0.35 3.90 ± 0.52 0.00 0.00
E119 5.08 ± 0.23 4.30 ± 0.14 0.22 ± 0.27 0.33 ± 0.66
SR1.6/6 5.97 ± 0.60 4.52 ± 0.46 2.34 ± 0.46 1.11 ± 0.65
Robijn Control 6.88 ± 0.06 5.29 ± 0.91 0.00 0.00
E119 5.38 ± 1.28 4.86 ± 0.24 0.66 ± 0.58 1.34 ± 0.91
SR1.6/6 4.84 ± 0.59 4.67 ± 0.92 1.82 ± 0.67 0.95 ± 1.00
Karnico Control 5.37 ± 0.75 5.13 ± 0.70 0.00 0.00
E119 4.93 ± 0.54 4.93 ± 1.22 0.59 ± 0.79 1.97 ± 1.61
SR1.6/6 4.99 ± 1.21 4.37 ± 1.62 0.86 ± 0.85 0.68 ± 0.82
Average values from four plants are calculated from Log-transformed CFU numbers and expressed per g plant and standard deviation
are indicated
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123speciﬁc PCR-DGGE ﬁngerprints made of strain
E119
rp-treated roots of Robijn plants, a conspicuous
band was observed that was absent in corresponding
ﬁngerprints of control plants (Fig. 1). Sequence
analyses of this band revealed that it was afﬁliated
with an uncultured Paenibacillus sp. (96% of simi-
larity). This conspicuous band was only present in
PCR-DGGE ﬁngerprints of young plants and not in
that of ﬂowering plants. There may be an interaction
between this species and the introduced strain E119
rp
at, or inside the roots resulting in transient growth
stimulation upon inoculation with strain E119
rp cells.
Interestingly, a phylogenetically close relative of
strain E119
rp, Paenibacillus illinoisensis, was able to
induce systemic resistance in pepper plants (Jung
et al. 2006). Possibly, strain E119
rp has a similar
effect in potato plants and may stimulate or suppress
bacterial groups associated to the root system and
interior parts of potato plants.
Correlation between environmental variables
and the composition of bacterial communities
DCA analysis on species distribution in bacterial
PCR-DGGE ﬁngerprints revealed gradient lengths of
between 4.61 and 4.72 in size justifying the use of
canonical correspondence analysis (CCA) for these
ﬁngerprints, whereas for Alphaproteobacterial and
Paenibacillus PCR-DGGE ﬁngerprint gradient
lengths were between 2.04 and 3.32, justifying the
use of redundancy analysis (RDA) for the latter ones
(Table 4).
Plant growth stage was the most important factor
inﬂuencing the composition of the bacterial commu-
nities in roots and surface-sterilized stems of potato
plants as demonstrated by the closest correlation of
this vector with the ﬁrst axis of the ordination
diagram (Fig. 2). This effect was signiﬁcant and
Lambda 1 values were between 0.64 and 0.72
(Table 4), demonstrating that most of the variance
in bacterial species composition can be explained by
plant growth. Cultivar effects were overall more
correlated with the second axis and the bacterial
species composition in the roots of Karnico plants
were more distinct than in those of the other two
cultivars, whereas for the endophytes bacterial
(a)
(b)
50 100
50 100
control 1
control 2
control 3
control 4
E119rp 4
E119rp 3
E119rp 2
E119rp 1
control 1
control 2
control 3
control 4
E119rp 4
E119rp 3
E119rp 2
E119rp 1
Fig. 1 Comparison between PCR-DGGE ﬁngerprints for
Paenibacillus sp. made from Robijn roots from juvenile (1-
month old) (a) and ﬂowering (two-months old) (b) plants.
Dendrograms were made by Pearson correlation and arrow
indicates the conspicuous band only present in E119
rp
inoculated juvenile plants
Table 4 Statistical parameters calculated by multivariate analyses with inclusion of a Monte Carlo permutation test of bacterial,
alphaproteobacterial and Paenibacillus PCR-DGGE ﬁngerprints
Targeted community Plant Niche Quantitative and nominal variables
Gradient Analysis Months Karnico Eersteling Robijn SR1.6/6
rp E119
rp
Bacteria Roots 4.61 CCA 0.64* 0.48* 0.19 0.18 0.06 0.05
Endophytes 4.72 CCA 0.72* 0.50* 0.27* 0.33* 0.09 0.08
Alphaproteobacteria Roots 2.04 RDA 0.04* 0.47* 0.20* 0.11 0.03 ND
Endophytes 3.32 RDA 0.15* 0.17* 0.32* 0.13 0.06 ND
Paenibacillus spp. Roots 2.98 RDA 0.06* 0.17* 0.52* 0.13* ND 0.02*
Endophytes 3.17 RDA 0.05* 0.12* 0.32* 0.40* ND 0.01
Values for Lambda 1 indicate the amount of variance explained by each individual environmental parameter
*Variables statistically signiﬁcant with P\0.05 according to the MonteCarlo permutation test
ND non-determined values
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123species composition of all three cultivars were clearly
distinguishable from each other (Fig. 2). No clear
effect of plant inoculation on bacterial species
composition was found in PCR-DGGE ﬁngerprints
made from all root and surface-sterilized stem
samples.
The contribution of the same factors on alpha-
proteobacterial and Paenibacillus communities
tended to be different from the bacterial ones as
cultivar type and plant inoculation were more
correlated to the ﬁrst, and growth stage to the
second axis in the ordination diagram. The alpha-
proteobacterial species compositions in roots of the
different cultivars were signiﬁcantly different from
each other and also were the ones of both plant
growth stages. The endophytic alphaproteobacterial
species composition was also different between
cultivars and between both plant growth stages.
No signiﬁcant differences in alphaproteobacterial
species composition were found in roots and in
surface-sterilized stems between SR1.6/6
rp- and
E119
rp-treated and control plants. The Paenibacillus
species compositions in roots of potato plants were
signiﬁcantly different between both growth stages,
between the three cultivar types and between
ER119
rp-treated versus SR1.6/6
rp and control plants.
The endophytic Paenibacillus species composition
was signiﬁcantly different between both growth
stages and between the three cultivar types, but not
between control and inoculated plants.
Clear effects of plant growth stage, cultivar type
and occasionally of plant treatment on bacterial,
Alphaproteobacterial and Paenibacillus species com-
position at the roots and inside plants was demon-
strated. Bacteria used for inoculation of potato plants
in this study were selected for their possible interac-
tion with plants. Strain SR1.6/6 belong to the group
of Methylobacterium species and members of this
group are known for their endophytic nature (Omer
et al. 2004) and induction of systemic resistance in
nuts and rice plants (Madhaiyan et al. 2006).
However, the effect of inoculation of strain SR1.6/6
on the Alphaproteobacteria community composition
was less clear than in other plant species (Andreote
et al. 2006). This indicate that the effect of treatment
with strain SR1.6/6 cells differ per plant species
which possibly reﬂect the variation in defense
mechanisms that might exist between plant species
to ward off this, and possibly also other related
bacterial species. Paenibacillus species are not so
well known for their endophytic nature, but their role
in the induction of systemic resistance in plants has
been demonstrated before (Jung et al. 2006). Induced
resistance may lead to enhanced plant defense
activities towards particular groups of micro-organ-
isms, explaining observed shifts in plant-associated
bacterial communities upon inoculation of potato
plants with strain E119 cells. Induction of systemic
resistance in potato plants upon inoculation with cells
of both strains was not demonstrated in this study, but
will be investigated in future research in our
laboratories.
Another important point concerning the differen-
tial effects of bacteria on the natural communities is
related to the used systems. The stronger effect of
Paenibacillus sp. inoculation on the plant might be
simply due to the use of a narrower molecular method
(based on the genus) than for Alphaproteobacteria
(based on the class). Performing the same analyses
with other bacterial groups could provide more
support for our presented discussion. Although some
tentative work have been made (Andreote et al.
2009b), an efﬁcient system for detection of the genus
Methylobacterium is not yet available for environ-
mental samples.
In conclusion, the effect of bacterial treatment on
the associated microbial community structure of
potato plants was demonstrated for two taxonomi-
cally distinct bacterial groups. Shifts in plant-associ-
ated microbial communities can be an important side
effect of bacterial treatments of plants, e.g. for
biological control purposes. These effects have
hardly been explored so far and need further attention
in scientiﬁc literature. The results of this work will
contribute to a better understanding about the
performance of biological control agents in different
agricultural crop systems.
Fig. 2 Ordination diagrams made by multivariate analysis of
PCR-DGGE ﬁngerprints made with bacterial, alphaproteobacte-
rialandPaenibacillusprimers.Separateanalysiswereperformed
for DGGE patterns obtained with primers for the domain
Bacteria (a, b), Alphaproteobacteria (c, d) and Paenibacillus
spp. (e, f). Also different communities were evaluated individ-
ually for roots (a, c, e) and endophytic (b, d, f). All
environmental variables inﬂuencing in each analysis are
presented, however, only those with signiﬁcant effect
(P\0.05), according to the Monte Carlo permutation test, is
markedwith*.Values representthepercentage ofthecorrelation
species-environmental variable explained in each axis
b
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